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breaking events according to the video records, in order to find certain characteristic
patterns in the frequency signal allowing the identification of breaking events. An

example of this wave elevation and frequency signal is shown in Figure 14

Height parameter

At the beginning, and after looking at this frequency signal, it was very clear that it
would be very difficult to identify the breaking events just by using the frequency signal
since the peaks were ranged from -100 radians to 100 radians and would not necessarily
correspond to breaking waves. In fact, after the careful review of a few experiments, it
was noticed that the largest peaks in frequency were corresponding to points where the
wave elevation was almost zero. This is in perfect agreement with the results that we

obtained in the analysis of the Phase-Time Method in chapter 3.

Therefore, we tried to get rid of this noise in the frequency signal before studying the
data further. The most natural way to do this is to implement a filter in the frequency
deviation signal. We tried 2 or 3 different simple filters (3, 5 and 7 points filters) on the
signal, but the benefits were very limited. If indeed the signal got smoother, the small
peaks disappear and the huge peaks comresponding to a zero wave elevation are sz;lalier,

they are still present and forbid any meaningful use of the rest of the frequency signal.

In fact, the only way to satisfactorily eliminate this noise is to simply exclude the
events of near-zero wave elevations. Since the breaking of a deep water wave will only

occur when the wave height is relatively large, the simplest way to get rid of these false
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signals was to set an elevation threshold under which the frequency signal would be

ignored.
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Figure 14. Wave elevation and frequency deviation in experiment 4.

1.5 times the standard deviation (o) was formnd to be effective as a threshold for the wave
height. It was clear when we checked in the experiment that almost no breaking occurred
when the wave height was lower than this limit. When the parameter was implemented
in the program, all the huge peaks drsappeared, leaving a few corresponding to the
biggest waves of the record. This was very encouraging since it changed the frequency

signal from a useless signal to a signaf that would show some very interesting patterns.
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Frequency signal analysis

The next step was to study this frequency signal as a detection tool for the breaking
events. Different researchers had focused on this method in the last few years. The

comparison of their results to ours will be shown in the next paragraphs.

Since each experiment was conducted using 11 gauges (except the first 3
experiments) and 32700 data points for each of these gauges, it was quite difficult to
visualize and try to characterize every pattern in the frequency signal. However by
looking at the most important breakers, and incipient breakers for each gauge of different
experiments, certain characteristics were found in the frequency signal which correspond
to different breakers. First of all, there was a consistent frequency deviation signal
corresponding to an incipient breaker. Indeed, the deviation in the local frequency for the
initiation of a breaking wave or for an incipient breaker will both provide very high
peaks (higher deviation than for the heaviest breaking phases). The frequency signal for
all these kind of breakers is very similar, and we can see in Figure 15 the frequency
deviation signal for these incipient breakers. This figure shows an average of 50 incipient
breaking waves. It was done by aligning the peaks of the frequency deviation for the
breaking waves considered and by averaging them. Since the experiments considered for
this average were very close in peak period, the shapes of the frequency deviation were
not adjusted. This shape is very characteristic of the incipient breaker, and will rarely

vary from the figure shown. It is also shown that the large breaking waves will have this
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frequency signal shape at the gauge where the breaking will start, and that during the

breaking itself, medium or large, this frequency signal will be much less important.
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Figure 15. Local frequency deviation for incipient breakers.

Indeed, the frequency signal at the peak of the breaking (i.e. when the white cépping
is very important, and when the wave is breaking on the front dramatically) will be most
of the time very reduced compared to the incipient zone of the breaking. Therefore, the
waves that are incipient breakers continuously will have a consistent and high frequency
deviation in every gauge crossed by the breaking waves compared to a very short (1 or 2

gauges only) high frequency deviation for the largest breaking waves in the experiment.
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This can explain the fact that false detection can occur due to the pattern of certain waves
which are very high, sharp, almost breaking, but which do not have enough energy to
break. These breakers may also have a high frequency deviation at one point during their
evolution, and can be misjudged as a real breaker. However, it is certain that these false
breakers could be dismissed by the use of a second gauge next to the first one which

would also be used in a detection scheme.

Another important characteristic pattern is the appearance in the frequency signal of
“double peak™ waves. In some cases, the frequency deviation signal will present a double
peak at the point of breaking. The first peak corresponds to the front face of the wave,
and the second one to the crest of the wave. This phenomenon will occur for very large
breaking waves (almost plunging waves) but is not necessarily present in every large
breaker. An averaged shape of this double peak frequency is shown in Figure 16. The
method used for the average was the same except the alignment was done on the first
peak. This double peak is very interesting and may be explained by the splashing and
white capping of water at the front of a large breaker, an obvious location for
concentrations of high frequency energy. This double peak was found in every
experiment that was conducted and therefore will denote an unusually large breaker

whenever it is found in a wave elevation record.
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Figure 16. Local frequency deviation for large breakers (double peak shape).

Griffin et. al {1996] studied the patterns of the frequency signal concerning the
kinematics and dynamics of deep water breaking waves. In their paper, they show that
plunging waves have a much higher frequency deviation than spilling waves. Moreover,
in every spilling wave that they studied, the frequency deviation signal increases
gradually gauge after gauge and is maximum at the gauge where full breaking occurs.
They stated that the evolution of the Hilbert frequency of the packet toward breaking in
their wave channel shows nearly constant behavior for the steep but non-breaking waves,
slight growth for spilling breakers, and a progression to sharp growth for fully plunging
breakers. This is in contradiction with the results found in our experiments, since the

higher frequency deviation is most often found at the initiation of the breaking of the
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wave. Moreover we found a dissipation of the frequency deviation for the large breakers
instead of a progression, and finally many non-breaking waves are detected because of
their quite high frequency deviation (therefore no constant behavior). This can be
explained mainly by the fact that their experiments involved a concentration of wave
packets at one point within their gauge array in order to obtain breaking, whereas our
experiment was based on random waves of JONSWAP type spectrum which are created
and can break anywhere in the basin (not necessarily within the array of gauges). The
waves created and studied in our experiments are closer to ocean waves, and therefore it
is more likely that the frequency deviations we studied will be found in the real ocean.
Figure 17 shows the evolution of the wave elevation of a large breaking wave (the wave
of figure 13) crossing the first 7 gauges in the array. Figure 18 shows the frequency
deviation of the same wave for each gauge it crossed. The frequency deviation in Gauge
3 shows a high and sharp peak characteristic of the incipience of a breaker and the
deviation in Gauge 5 shows a double peak shape, characteristic of a large breaker. It is

obvious in this figure that the frequency deviation signal dissipates with the breaking of

the wave.
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Figure 17. Single breaking wave passing through the 7 first gauges.

Figure 18. Frequency deviation for the single breaking wave of Figure 17.
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After different gauges on one experiment had been studied, 1t was obvious that the
frequency signal obtained in the Phase-Time Method was very useful in detecting the
breaking events in the wave elevation records. In fact the frequency signal deviates very
rarely for waves that are not breaking, and will always deviate for a breaking wave. It is
very difficult to locate exactly a level above which the breaking waves will deviate and
the video documentation helped a lot in this matter. In order to have a fresh view of the
local frequency deviation of the breaking waves for each experiment, each breaking
event that had been noted with the different categories of breaking (I.S,M and L) was

assoctated with its frequency deviation at the gauge concerned.

These frequency deviations were reported in every gauge for every breaking wave,
in every experiment. The smallest frequency deviation in the gauges array for each
breaking wave was then noted as the level to detect, and this information gave an insight
on the threshold to use for the detection. This entire information can be found in
appendix A (the first three experiments were not tested). The boxes noted x mean that
the wave elevation at this gauge was under 1.5 of the standard deviation or that the
frequency deviation was very small. The results show that an easy and efficient threshold
for the deviation of the frequency for breaking waves is around 3 radians/s. In fact, the
peak frequency for these experiments 1s ranged between 3.14 radians/s and 3.9 radians/s.
The frequency deviation is a little bit higher for the experimenis that have a higher peak
frequency, but we found that the lowest breaking wave frequency deviations are always

around 3 radians/s. Therefore, the detection level can be adjusted by 0.1 or 0.2 radians/s
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(in our case to 2.8 for the experiments with F, =314 radians/s and 3.1 or 3.2 for the
ones with F, =39 radians/s) around 3 to obtain a satisfactory detection level. This

F.dev =080 to 0.85 depending on the amount of false detection

means an overall ratio
”

allowed.

This threshold was used in different experiments and showed very good results (see
Appendix D). It is very efficient in the real breaking wave detection since we can expect
from ‘95% to 100% detection of real breaking waves. On the other side, the false
detection is limited to about 10 %, which means that for an experiment containing 100
breaking waves, we can expect the detection of 110 breaking waves, 100 of which are
breaking and about 10 false breaking events. This is very encouraging and we will see in
the next paragraph other parameters which can be implemented in order to decrease the
amount of false breaking detection. Of course, the increase of the two parameters
employed above (i.e. the wave hetght and the frequency deviation) will decrease rapidly
the amount of false detection, but will also decrease the real detection percentage.
Therefore, the parameter can be adjusted so that no false detection is allowed. Figure 19
shows an example of the detection model using the two parameters on experiment 5. The

only waves that are detected are the ones that are really breaking.

Other parameters have been studied in order to increase the skiils of this detection
model. Most of them are simple parameters and prove to be more or less efficient in the

goal of dismissing the false breaking. No parameter was found that can dismiss all the
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false detection, since many of these waves that are not breaking but are detected have
very close characteristics with the real breaking waves. It is therefore impossible to

identify all of them.

Detection model {(a>1.5 " std dev. and F. dev.>3.1}, exp.4 , gauge 5
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Figure 19. Breaking wave detection model.

One of the main parameters that was studied is the Hilbert Amplitude. The Hilbert

Amplitude is defined as the signal:

¥
Alry=Tu (D+vi {0} (45)

which is the amplitude of the analytic signal y(t) described in chapter HL




This Hilbert amplitude looks like an envelope of the elevation data, as you can
see in Figure 20. It shows some characteristics like a clear asymmetry between the front
and rear of the wave, but is very similar in every wave detected by the model, real or
false. Griffith et. al [1996] studied this parameter and found that the asymmetry of the
Hilbert Amplitude is more pronounced for the steeper waves, but our experiments do not
show any big difference between the big breakers and the non breaking waves in the
asymmetry. We studied the steepness and slope of the Hilbert Amplitude in the front face
of waves. We implemented these parameters in the detection model, and if it shows
some ‘ability to reduce greatly the false detection, it also reduces the detection of many
real breaking waves. Indeed several breaking waves did not show a very steep Hilbert

Amplitude.
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Figure 20. Hilbert amplitude and wave elevation.
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We also studied different parameters such as the frequency signal slope, and
different wave elevation parameters such as the crest front steepness, the horizontal
asymmetry, the vertical asymmetry and others, but these do not show a great
improvement in the skill in the discrimination of the faise detection since the false
breaking waves are very close in geomeiry to the real breaking waves. Since the Phase-
Time Method and its Hilbert frequency is very close and related to the elevation change
rate énd the Hilbert transform rate of change, most of these parameters do not add much
information to the Hilbert frequency. Moreover, since breaking of waves in the ocean
occurs when a multitude of high frequency components build on top of a large low
frequency wave, the asymmetry parameters of the elevation record would be useless,

since a wave could be very asymmetric and still not have sufficient energy to break.

Sampling reduction
One of the objective at the beginning of this research was to determine how slowly

the data record could be sampled without losing the ability to detect the breaking using

the model.

The original sampling rate was 33 Hz and proved to be very effective when the
model was used. Since the periods of our experiments are ranged between 1.6 sec. and 2
sec., and since the real ocean waves can have a period as long as 10 to 20 seconds, the
model should be used with a sampling rate of about 3 Hz in the ocean to obtain the same

accuracy (ratio on the order of 10).
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A sampling rate this high is not typically used in the ocean. Sampling is common at
1 Hz or exceptionally at 2 Hz. Therefore we needed to examine the possibility of
reducing the sampling rate without losing the ability of detecting the breaking waves,
This was done by decimating the time-series coming from the original data set. The time-
series were sub-sampled at 16 Hz and 8 Hz and the Phase-Time Method was applied to
these “new” time-series. The results are not very satisfying. If the 16 Hz sub-sampled
signal shows some ability in the detection of the breaking waves, the frequency deviation
signal is very altered in the 8 Hz sub-sampled signal and is completely useless for the
detecﬁon of the breaking waves. An example of the effects of the different sampling

rates on the frequency deviation signal is shown Figure 21.
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Figure 21. Sub-sampling effects on the local frequency deviation.
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These results show that the model can be tried at a sampling rate of 1.5-2 Hz in the
real ocean and might show some good accuracy, but this accuracy would greatly improve

if the technology used would allow a faster sampling rate.
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CHAPTER V

SUMMARY AND CONCLUSIONS

This research effort focused on exploring the feasibility of the Phase-Time
Method as a detection method for deep water breaking waves. Application of this study
includes the development of a detection model, based on a few parameters. The
mathematical aspects of this research facused on the study of the Hilbert transform and
Phase-Time Method and their physical meaning. The experimental investigation was
directed toward obtaining a quality data set under a variety of deep water wave
conditions with a substantial number of breaking waves and a video documentation to
witness the breaking events. The data analysis focused on the study of the local
frequency deviation obtained from the Phase-Time Method and its characteristics,
toward the appreciation of its ability to identify the breaking waves from the non-

breaking waves based on the wave elevation record.

The basic Hilbert transform which was utilized and studied in this research was
investigated and formulated by different authors in the past like Melville [1981], Hwang
ef al. 119891 and Huang ef al. [1992]. The Phase-Time Method that is studied and
explored in the research was described by Huang er al. [1992] who studied the focal

properties of the ocean surface waves by applying this analytical method to their data.
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This method uses a wave elevation time-series and the Hilbert transform to obtain a
time-series of the local frequency deviation. Huang er. al placed a special attention on

the eventual use of this Method as a detection tool for breaking waves.

A total of 12 experiments were conducted in the Offshore Technology Research
Center basin to obtain a quality data set. These experiments had a wide range of heights
and periods in order to cover a large variety of deep water waves. The duration of the
experiments was 16 minutes, with a sampling rate of 33 Hz, using an 11 gauges linear
array to measure the wave elevation. Part of these experiments were used in the data

analysis and the development of a simple detection model and the rest were set aside to

validate the model.

The investigations of the formulations of the Hilbert transform and Phase-Time
Method were done in the attempt of understanding the physics of this method and

determining the possibilities or limits of this method when used on a wave elevation

time-series data set.

The data analysis was done by applying the Phase-Time Method on the data set, and
by using the video documentation aside to visually confirm whether or not the breaking
events did occur. Observation of high values of local frequency deviation associated with
breaking waves were noted and led to the characterization of patterns in the local

frequency signal during the breaking events. Averaged local frequency deviation patierns
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were defined for incipient breaking waves, and a double peak deviation was also defined

for large breaking waves.

A simple detection method was developed, using the wave Height as a first
parameter to filter certain large frequency deviations which are not related to breaking
and make it useful in detecting breaking events. The second parameter is the local
frequency deviation signal which was clearly higher in case of breaking waves. A

threshold based on the spectral peak frequency was defined, and the limits of this simple

detection model were stated.

¥

Other parameters were studied, some of which, like the Hilbert Amplitude show
some potential in improving the accuracy of the model, but none of these parameters

show an indisputable efficiency and somewhat reduce the amount of real breaking events

detected.

This research showed first of all that the Phase-Time Method is clearly efficient in
the detection of breaking events in a wave elevation time-series. It is also clear, when we
looked at the physics of the method, that it can not have an efficiency of 100 %. The
breaking process in the ocean is a very complicated process, and this makes the
development of a detection model based on this method and accurate at 100 % almost
impossible. The model we developed showed some very high real breaking detection

skills {95% at least) and a pretty low false breaking detection level (less than 10 %) We
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also found some characteristic patterns in the local frequency of the breaking waves

which are very useful in the eventual use of this method to real ocean waves,

In conclusion, I would say that the complexity of the breaking phenomenon in the
oceans makes the development of a 100% accurate detection model unlikely. But since
the goal of the breaking detection is more of a statistics or probabilistic view, the use of a
simple model based on the Phase-Time Method which uses only Wave Elevation data

can reveal very satisfactory results.
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APPENDIX A
Breaking Waves
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228 | 3250 1S ' 30| x 3
233} 347 {1SILIM 73187145} 70 4.5
241 | 3884 SIMIM 15§7.1187 7.1
300 | 4317 BE Y 7215217150135 35
31314750 ST | 7.50 10 75
3:15 | 4817 S 73 7.3
3:35 | 5484 | 43 43
3:40 | 5650 | x X
3:41 | 5684 } 8.7 8.7
3:53 1 4084 i 60 6
354 1 6117 I'1S 67|49 49
4:05 | 4484 i [MIM]S s52{62]35l30 3
42217080 S a8 3.8
426 1 7184 IJSISM 3 5218.1]7.4)59]58]5.3 5.2
4:35 | 7484 BB 79l49]42 4.2
4:38 1 7584 1 IME S 7.4853)35 3.5
4541 8117111848 6916553 53
4:57 | 8217 ]S 89|50 )
508 | 8584 I a.1]4.7 3.1
548 | 9650 N 700 % 7
542 | 9717 RERE 46156{35) 35
5:56 {10184 M 5% 59
558 | 10250 i 47182 47"
631 111350 Py LT 9270} » 7
6:35 | 11484 i 92t wf 92
544 111784 M 4.2 4.2
&51 112017 1S58 601d4] 3.4 3.4
&89 {12284 I 75141 4.1
707 | 12550 [ MM T 3
7:22 113050 M 8.6 8.6
725 113180 184§ 41144{47 4.1
742 113717 F1S}S]S xlxfxfx X
I incipient S:small M: mediurm . LiorGe ! Pack of DIeaking




Bragking Waves

Experment 4

GAUGE T 121314151617 18191 G 112131415i617181911CI11}F dev,
HME | DATA (rad)
754 114117 11S§ESTS sales]7.1]58]44 4.4
B:01 114350111515 7.8]4.7)5.2 47
B2 1477 I 7.716.4 6.4
835 1154841 11811 75]64] x 4.4
BH7 116217111 H)S)SES 3.153] x }56]3.6 3.1
@07 1160501118 3.8] x 3.6
09 1168617 F{SIMES &9143f9.3jas] 35
14 | 16784 i S 62150 5
@24 117117 IS IMEL M znls7|os]{ wissglral 4
941 | 17684 ISt 56130140l46 3
1000 | 18617 T1Sf3S 75{5.3]4.2 47
10:18 | 18917 1SS 58]39]3.48 38
10:21 119017 FISESIS|S]{SS s.1|s4fas]s749f50(38 35
10:30 | 19317 i [M] S a6ja.1f x 3]
10:46 | 19850 i1is 57|75 57
1059 ] 20284 1S IM 6116.3]5.3 53
11:22 1 21080 IFSESIMIL]S arlaslar{za]seo} x 3.1
11:33 | 21417 Pl 50174 5
11:50 121984 F] x [33 3.3
11:56 | 22184 I 1SIM &3je9lae 49
12:01 | 223501M 5.1 51
122301233171 11 ST STMES agj74aje2]av]s2 3
12:45 § 23817 [RERNR 49f42i41 4.1
1249 1239501115718 x f40} x 4
12:58 § 24280 113 6175.1 5.1
13:30 | 25317 BEE 51181141 41
13:34 | 25450 P11 isSiMiM x 16.6]|7.2}7.550 5
13:56 1 26184 515 B.4]5.6 5.6
13:58 | 26250 [1S)S 53}4.6§6.4 4.6
1408 {26584 TT TS 54l67]48 4.8
1457 § 28017 t1sis 63]651 x 6.3
14:55 | 28150 bid 64148 4.8
15:22 | 29050 NEE 7217.0}8.5 7
15:32 129384 REIME 58)7.3)43)4.2 42
1541 | 20684 NEEER R x 14.6]43) x 43
15:43 | 29750 TP HESES 68150]56l44 4.4
16:25 131180 ] X ¥
17:05 | 32484 BE 45138 18
17:26 133184 15 2% X
Linciplent Sismall M medium  Liorge [Peck of brecking |
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Bregking Waves
Expeatiment 4.2

GAUGE 213t Al5 6 71aioiioiijri2l3ialatialzieleilolnfr dev
TIME | DATA {rad)
163907 180 1S 80149 4.9
168601 726 11518518 401 x faz2}4s 4
170301 950 i x 139 3.9
171101 1226 REE an{volre 79
17:41.01 2226 BERE 7714842 42
17:8901 2826 11sts 6.718.317.0 &.7
18000 2860111515755 56{35147148[32 3.z
i817.0] 3426 F1SYS ¢218.2{80 8
B:250 1 3593 11SES s4t10fs5e 59
18:44.0 | 4326 128158 54{7.5]57]49 49
18:59.0 | 4826 i]8§ 67150 &
194901 6493 F1S1S 51138§49 3.8
231001 7193 FISEMES 75t8.4f7385.3 53
201901 7493 PSS a0 x |47 4.7
2002201 7593 FISES 65164134 34
204101 8226 B 9.0{80{88 8
21:42.0 | 10280 1] 4364 4.3
22:280 1117931 § X P
22:35.0 1 12026 1SS 49150145 4.9
22:43.0 1 12293 [ 72160 6
23:05.0 113026 11118 7. a0i42 4
23090113180 b1 52160 52
23:30.0 | 13840 118:8§ 40}58{3.4 3.4

123380114126 Fis8tS ' 10}9.6§8.8 838
2345011436041 § 446145 4.5
240401153268 11818 x{x]x %
2441011622611 1 11S]S]STS x [67]4.1|a9f3.3]72 33
24:52.0 1165893 F1SES 6.2]7.4]5.7 57
24:58.0 1167935 1 {513 5.5]48|50 4.8
25080117124 FFSTSIM 8.319.0] 16194 8.3
205301 18626 LIS S 71139140 3.9
26002.0 ] 18926 I]SM 50} 6.5 x 5
26:05.0 § 19026 F1SESTS 47140} x 159 4
262101 19540 1SS 4.2 16]8 4.2
26:43.0 | 20293 1181515858 446155}4.6140{63 4
26590 | 20826 PSS 3.4187]47 3.4
27:050 121026 FIS]SIMIM asjdelw0)sofes 4.6
274001 22193 1181518 411631531 x 4.1
2301232938 11 51STES 481871587 x 4.8
28290 | 25824 ARRE 49145147 42
28:390 12416018518 78]7.6472 7.2
2001.01 24893 I1s 3.2) x 3.2
29:17.0 ] 25426 FISIMES 7415.6F57)49 4.9
binciplent Sismal M medium Liarge Pmk of breaking




Brecking Waves
Expetiment 4-2

68

GAUGE 1121314157617 QIIOIIMPY{ 2131415161718 %110]11]F. dev.
TIME | DATA {rad)
29400 126193} 5| S 64133 3.3
29:42.0 126260 P11t 39138167146 38
30:34.0 127993 1S 3.6159 3.6
31:05.0 [ 29028 AR 37}173]48 3.7
31:160 | 29393 F}S|S a1}8.4{3.7 3.7
31:24.0 | 29660 RERE 44154137 3.7
31270129760 F1518 s3l6ejas 49
32:48.0 132460 P 6714.3 4.3
32:52.0 132593 115838 a4fa4f x 4.4
32:54.0 132660 1S IM &150f x 5
Linciplent S smalt Momedium Lidrge Pedk of Dreaking
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Bregking Waves
Experment &

GAUGE 1121 aials 6l 7181 01NV 1213141516171 819110[(11)F dev.

TIME DATA {rad)
48:59.0 1249 F1S13 57157144 4.4
49070 15816 I'is 39132 3.2
49100 1616 Fib1S1S|1ISIMES xix1 x130]50158]43] « 3
492501 2116 FLTESES 3715.0138]39 3.5
495301 3049 1111518 59]4.4363f x 4.4
495501 3116 FFSTLEL Bajsafd.4f3s] 35
495501 3116 PIMILELIMIS 65157)57}14.4]13.3{54 a3
500801 354¢ P11 SiMIS 59i82]8.715.1{4.8 4.4
01901 3916 FESEMEMLS s2l69f3.4}6.1589 34
S0:23.0 1 4049 TiHISHLIM ag{srjenfaz] x 3z
53310 4316 11518 A815914.3 3.8
510307 5382 Pl 31169 3.1
13601 6482 (11§ 6.715.6 54
51:4401 6749 |1 1S}Si1} 48]4.6145139]38 38
51500 6949 F15]5%s 371460537133 33
521601 7816 HERR x 189164 59
522001 7949 Fid 55131 31
52:440 8749 EEEREN a3]5516414.5 4.5
525001 8949 J11S]S 43]36138 38
525901 9249 jMILILILTLIMLS ss5iaspa]salaajaelar 3l
531901 9916 1 1|ISELILEM solaol x [57)4a 4
53460 108146 JS|SESESES s5.4]45]a4]67149 4.4
536500 1 10949 IBE x| x X
53:5701 11182 I1S]S s2i niw a2
538801 11216 F{STSIMIMIMIMIM 34l51{56]65]04)98) 11155 3.4
54:290 ] 12249 FPSIMIMIMIMIMIM 6.3{4.3|3715.7{65]506] 14]8.2 37
544401 12749 I8 8.3]6.4 6.4
550701 13516 T a4| x 4.1} x EN
55280 14216 1 1}S)S 70§45} x 4.9
85370 | 14516 REREYE 4517.3]55]3.9 39
554801 14882 BE LY 66§7.714.4 4.4
56:340 | 16416 i15§51518 g7iazfralesles 3.7
57:330 | 18382 71 46(52 45
582801 20118 P11 S IMIM s3leslsriasjanf 3
58:33.0 | 20382 18§55 7.1158§8.2]89 58
5ol 21318 BEREEERE 42{30j6af47|32 32
51201 21682 1 1151S}s 5017.5]as6)az 472
S2B0 | 22216 F1rsisis 5r|5z2]37]a7 37
000101 23316 ii1sls 71 60k42 4.2
00RO | 23549 1S 5.6 5.8
X100 23814 i{S 75184 7.8
DG17.0| 23849 F1S|SIMIMIM 661681 78)6.1154]42 4.7
00450 | 24762 RBRE 75]7.4] 5.6 56
Linciplent S small M:medium  Llarge [Peak of breaking
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Bracking Waves
Experiment §

| GAUGE 112131415161 7181 9110111 121314151617]18]9110111IF dev.
TIME DATA (rac)
OO0b401 25082 15158 12§61 &.1
00:5601 25149 (R 53{39 39
Orizol 25849 F 1l i { 1TTSTM 3.3{85150]38] 80 kX
01:2401 26082 18 77 7.7
01:2701 26182 i111S815S 58]7.4]62)s5] 55
020401 27416 11518 60138134 3.6
021801 27816 RN 446159179 4.5
02:29.01 28249 RELE 4.7]50)5.214.1 4.1
02:340] 28416 | 515} 8 37F x 133 3.3
0311101 20649 I15]8 39f3z2 x 3.2
03360 30482 1SS 51154150 5
034501 30782 TEE 3sfs7ise 38
03:58.01 31216 115]5 7315380 53
04:30.0] 31616 11SESES s0{7.1}7.1f35 35
04:39 01 32582 LI SIMIM 821745161 5.1

Eincipient 5:small M medium Liarge Peck of breaking
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Breaking Waves

Experment &
GAUGE 112131418161 7181Q11GIF1 12131458161 718191101111F dev.
TIME | DATA (rad)
40:310 1 950 1118 37145034 34
40:3680 11127151818 59]6.1136 3.5
41:010 | 1960 FisSIM 36| 12f = 3.6
41280 | 2860 P i]S1S)S 3513.7l55138}e8) 3.5
41:38.0 | 3194 FHISES 73fa7igi 1] 4.7
41:480 | 3527 IS 30150 3
42:040 | 4050 11538 a5j74f x 4.5
42280 | 4860 i1 3v|az 3.2
42:37.0 | 5160 1'1S18 x| x| x X
42:560 | 5794 1181818 48}30}53}39 3
43220 | 6660 NEEERE N 53154{59}34 3.8
43260 16794151 S 43 x 4.1
43:33.0 (7027 1SESIMISES)SES 52]5.3f3.3)3.6139]28]64 2.8
44000 [ 7927111871118 39140146128 2.8
A44:120 | 8327 AR 42155{34 3.4
44:22.0 | 84660 RERRRN asl4aaf32]28 2.8
44:490 { 9560151 S 52138 38
44:51.0 | 9627 Fl 5136 3.6
45070 110160 il 451364 x 3.6
45420 11327 FE11S 4.1{4.8}35 35
45:520 |11600{ SELES]S M s8154]3af x| x 33
46090 112227 bl 42{29140 29
46:17.0 112494 I1s : 59] x 59
46:230 112694 11 81IM] S x (571471 x 47
46:56.0 113794 Pt s 85156.3{56 5.5
47:17.0 [14424] S IMIM} S 59)s5)53151 5.1
47:30.0 1149271518 41130 3
47:40.0 15260 1181 8 29165162 2.9
47820 (115832711111 S1 S x |47]4.1133 3.3
47:46.0 |15480 f 59 59
47560 157941 M MIMI] S asl x |72{77 4.8
48060 (161270 1SS 57[5.4§5.0 5
48:08.0 |16194 1SS 6.4|58]58 58
48:150 164277 L[S S 9.4f 10084 8.4
48:33.0 {17027 14 S M 6.215614.0 4
48390 117227 F1S I MIMEMIM] S s313n|ss]s0)68] x (65 3
49100 |18260] 1 1SS 82168189 4.8
4912300 118694 FPSESTISEiLS a7r4rba2baslan] x 3.3
49:34.0 119060 I1SESES 64151567150 )
49:570 11982715 8 55133 3.3
50:02.0 [19994 TS LM 5515078539 £
5000 20227 {18 45[86 3¢
51010 21980 ERREER 42|4716.1 88 6
incipient S small M medium Lidrge Peak of brecking
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Breaking Waves

Experiment 6
GAUGE t12i3lapsro6i7t81eloitif1j213tdislsa671810T01111F dev,

TIAE | DATA (rad)
51450 | 23427 N 5143 4.3
ST:EQD | 23504 M) S s2}46 A6
52200 1 24594 1SS 42f45|28 28
522101 24627 e 49la7 A7
52380 | 25194 R E 7.717.1160 &
52450 | 25427 |M 34 3.4
S3060 | 20093 f 1 1S 43] x 4.3
53470 | 27494 S 24614.7 2.6
54200 | 28594 TTH]ISTLIM 5562143157130

54410 1 29294 | S % X
54:430 1 29360 11s s.3lasfn 5.3
54:530 | 29694 FYSEMIMES 52|a8ban) x| x 4
55:12.0 | 30327 IR S as{spls7]62]43 4.3
55230 | 30694 JSIMI LM S 921 13]rol7a) x 7
55:36.0 | 31127 FISTMIMIMEM 3.8i5.8]a5}76f38] x 3.8
56:01.0 1 31980 i1S})8S 7.1{4.3] x 4.3
56230 1 32604 | 4.5 4.5
56260 | 32794 FE T x| x X

bincipient S:small M: medium  Lilarge ___JF’eakaf breaking
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Breaking Waoves

Experiment 62
GAUGE 1121314186178 9101111 ]2(3141516171879110M11F dev,

TIME [DATA (rad)
4538.0( 85 PISYSYS 44155131135 3.3
460401 952 PPty 8 47144133 3.3
4609011118151 8 62]4.4 4.4
46:3301 1918 I SIM]IM 6] 11 2} x (A

465101 2518 Fil 36] x 3.4
47010 2852 Py Hjris)s 34j48l65/35i26) 2.6
470901 3118 11818 57[60} 12 57
47:11.01 3185 11E5§S 1nissf xy 58
472101 35818 Pl 38i6s 38
47.37.01 4052 | 55 5.5
48:02.0} 4885 F1l 2.6) x 2.6
48:10.01 5152 1111418 x| x}82 8.2
A48: 290 5785 1{S]5158§ 5.4f5.1]606)3.3 3.3
48:47.0] 6385 {58 x| whx}l IO
48:54.01 6618 {15518 a1141}a9)34 3.6
4859016785111 8 x 3.2 3.2
060170081 L EE 53}47]52{33}6.1{a5]54 3.3
49:46.0 | 8352 RN 5014.2]140 4

49:54.0] 8418 Pl 4837127 2.7
80:24.01 9618 ERERER 2747150145 2.7
80:40.0 {10152 F1t 3 x| x 3.1

51150111318 i1st! 4.7162f43 4.3
51240111618 S MM S ar)atzafar 33
5400812152111 14518 3.2154]3.5] x 3.2
S1E60112685{ 1] 1SS 3ils54j28)a0 2.5
5211.0113185 Py 5£3153{43 4.3
52290113785 T11]S18}S 39]40(5216.34.4 39
525001144851 S {MIMIM 7.4168)50)3.8 3.8
53030 114918) 5S¢t S 35§3.2]42 3.2
53:.13.0115252 118 64175 6.4
531501153184 1 [ 18]S S 35{65]6.1[3.6]57 3.5
E3:290115785] S iMIMIMI 8 91| x Jadjes|2s 2.6
53:40.0] 16152 1S 667 x 6.6
53420116218 BERN 47166} x 4.7
53580167321 S| S x]x X

54:06.0117018 FISEM]S 48154]52]44 4.4
54:120117218 FPSIMIMIL S 45150160f53152 45
54:2201{17552 TE1ESES 38146037965 3.7
544301182828 11 8 546190 546
54:560 1 18685 t1818 S S 49130138 59 34 3

5507.01 19052 FPFi8IMISISTS 5315.6{60150F48]3.0{4.4 3¢
55:18.01 19418} § 25 29
55:300119818] | 1] | 24153142 472

Lincipient 5 smalf M medium  Liarge Peak of brecking
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Brecking Waves

Experdment 6-2
GAUGE 1121314151617 8191011141 ]21314l58161718;90[1iIF. dev.
TIME | DATA (radh)
55:35071 19985 J I SiMELIMIS 32{60i86f08) x | x 32
55:4201 20218 NERE 62110192 &3
56:34.01 21952 EREREE; 5356142177 4.2
57:18.0] 23418 I 67133 a3
57:23.0] 23585 SIS sil70 &1
57:53.0] 24585 BN E 48145135 3.5
57:54.01 24618 i | S 61157 57
568:46.01 26352 R 571 x 5.7
59:20.0] 27485 RERN x |4.5{56.7 4.5
59:53.0f 28585 R E 37§s5{55]7.3}26 36
59:54.01 28618 | S S afaz 37
00160 29352 FIEYS 55]8.4] 16 5.5
00:26.0] 29685 1158:58}8S 49|38l41]{a2 42
00:4501 30318 I1S}SYS 5416.5§3.3] x 33
00:550) 30652 {LJLIM 74188198 838
010801 31085 Ji1j1]SIMIMIS 53155156)55)3.813.7 3.7
01:220}7 31552 i1S51S 33i31f x] 3.1
01:34.0] 31952 BB 66163 6.3

Linciptient S smal M mediumn  Liarge Peak of breaking
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Breaking Waves
Experment 7

GAUGE 1121314151617 8191011 112131415161 718]9110111F. dev
TIME DATA {rad)
34:22.8 120 Pl SIMEM G4la2fs.6] x 54
34:31.0 404 Py 42134 34
34:38.0 | 637 FIMILEM 57{60]383. 3.1
34450 [ 8701 56| x [
34:48.0 970 I 701 x 7
35060 (1837 11S5]15]1S)8 &6]8215.2150143 43
35080 | 1637 I {SS 42j08155] 42
35240 | 2170 I[S)S1S 54]38f42) x 38
35:36.0 | 2570 RLEY safazl 47
35:39.0 | 2670 1M} S 48]6. 48
35:420 | 2770 PP H]S s887 x| 57
35:590 ) 3337 {MM] S 5887372 58
36:01.0 ! 3404 i}s s.3f3of 3
3600 | 3704 P18 54169133 33
36:29.0 | 4337 TIMEL]S 54]29138)46 79
I7260 62371 H]1S1S 38148] x 3.8
38:220 | 8104 FISTS 5316453 5.3
38:24.0 | 8170 1188 59i65l20] 29
38:200 | 8337 M} S 8.014.3 4.3
1.0 | 9737 Iyt 59] x 59
3130 (oBO4Af i HfSES x {958 x{ x Q5
3950 | 9870 P11 1SS 16|58]7.4853) 5.3
3320 10437 11 S}tS 43154} 5.6 4.3
3@520 104 BEEEERREER x x {3.1{3.71 x 3.1
40:32.0 112437 i|SIS|MIS 40l4.6]4.7]3.71 x 3.7
43:13.0 113804 NEREEREE % 13.7]31}14.6{40 ai
41:250 14204 N A214.0149 4
41:550 115204 RN 52f6.2{3.7 3.7
A42:17.0 159371 MM 7.0]4.5 4.5
42:18.0 J15970FEM 4.6 4.6
42:43.0 116804 ] SIS 4.8 x 157} 5.7
42:5080 J17037FMEMES ] S 5315.9}341390 3.8
43:250 1182041 5] S}|S 45148| 4.2
43480 189701 S1 S a6)38 a8
43:50.0 119337] 54§ S 2.815.1 2.8
44:09.0 119670 I 46|28 2.8
44:23.0 201371818 47132 32
44:.360 1206701 L 11k10 10
44:49.0 1210041 1 T SIMILIMES 62167 x 3 x 137 x 3.7
45000 213701 1 SiMIMIMI S S bRl V-8:3 e PR WAk PR B8 4.8
45260 122237 s x| x X
45380 122637 L L 54[7.3 54
45400 122704 tid azi x| x| 37
L incipient S:small M. medium  Liarge Pack of breaking
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Braaking Waves
Experdment 7
GAUGE Pi2131415161718:i0 1011141121 3141516]171819110111F. dev
TIME DATA (rach
46000 [23370 i1 S18 24161177 4.4
A&:260 124237 Pyl Fi1isS 4.4}30 55144] x 3
46:41.0 124737 | | MMM 7717137880 7.1
46:43.0 (24804] M| S 38128 2.8
45:450 [24R70 1158 53189)33] 3.3
46490 125004 i HELIMES 4616.3}53)62]28 28
A7:120 {28770 BRER 39153140 3.1
47210 126070 TV SESES 591446150]54f43 4.3
| 47:350 | 26637 AER S 4431161 31
47:480 [ 26970 I151S}5S 4517556041 4.1
47850 27204 Fl1Tgipsfsti 4siaslselsglaalan] 3l
48:11.0 {27737 P %} ox X
48:970 | 28270 1{S]sS 54[43033 33
48:380 1286371 i |1 52140 4
48:41.0 128737 R 42135 3.5
48490 (200040 1|1 S 19{62159 5.9
48:520 120104 (I 62156 54
48:56.0 29237 L fMES 7.4]7.8135 15
49:208 {30037 5] S 44§28 2.8
49:490 (31004 S 45 4
49:500 131037 STETI 48i4.3[38 3.6
80:07.G |31604 Fl1HESES 52|6.1}4.4§22 2.2
50:130 31804 t1s]s)s 4.417.8]6.2189 4.4
50:28.0 132304 FISti 3713.0] x 3
50300 (323701 1 1]5]1S]S 3.3]6.3/4.8]3.4[42 3.3
50:340 {32504 Fji{syts x 1a7]39]55 3.9
50:43.0 |32804F51}) S cfo
50:450 {32870 Ff115)S olofolo
53500 133037 1SS olojo
Einciplent S:small M medium Lilarge g Peak of breaking




Breaking Waves
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Experiment 8
GAUGE 1121314156171 819110{711} 3121314185161 718]9110[11]F. dev.
TIME [DATA {rac)

44201 87 1151858 3.8[7.1166§6.8 38
40:520 1 521 SREEEER 5648140030 3.1
41160 1 13211 S 58 5.8
412401 1587151515 8.1)7.6§8.1 7.6
413801205411 SIM] S s8179)3.4]40 34
42:04.0 1 2920 18 6,116 6.1
42:19.0 1 3421 1155 50[7.3}35 3.5
42:250 1 3621 HERE x| x|59 59
42:37.0 1 4021 118 6.614.6 4.6
42:42.0 | 4187 iS58 44153] x 4.4
42:57.0 1 4687 11313 6716.1}44 4.4
43:02.0 | 4854 1S5S x | 40§47 4
43:19.0 | 5421 BE 63138 3.8
43:26.0 1 5654 1P} 41144l49 4.1
43:48.0 | 6387 (B A xix{xhbx X
44:01.0 1 6821 t1518)s 85i7.3]7056 5.6
A44:170 | 7354 bl S 3 P &6.7
442001745431 STSEMIMI ST S 3914.4)48}53]4.3]7.117.3 3.9
44390 80B/ Y S S 44139 39
44:410 | 8154 118 35]35 3.5
44420181871 LIL L 47]30}53 3
45:27.0 1 9487 i1s 5314 4.
45:31.0 1 9827 F{11S]S)S 4.114.4153)6.3139] 3.9
454201101871 1 181 8 5.214.1}30 3
45:56.0 1 10654 I'1S]3S 401751691 4
46:44.0 112254 F111s)sis 40168]56fa.1f 11 4
46510124871 1 | SESES s8i57l40}49 4
47:00.0 127871 | M) 3 52{8.814.6 4.6
47:24.0 113887 R 55] x 5.5
47270 1136871 1] L} 4557158 4.5
A7:280 113721+ | S 3.5/43 3.5
48:11.0 115154 118 52130 3
48:26.0 | 15654 1! 41136 3.6
48:37.0 116021 11S]S 66151140 4
49:06.0 | 16987 Pl 56{29 2.9
AZ10.0 117121 i EERREE 2% 4517.3140j54F 279
49:16.0 117321 Pl 57165 57
49190 (17421 F117SES x 165177158 5.8
4x210 1174878111 Hg 44185136850 3.6
A300 1177871 51518181 S 61]49148:157150 4.8
AQAIC 1Al S 5145 4.5
49:47.0 118354 ils 88112 4.8
49:48.0 118387 F{SESESISISES 30159154]9.4] 12) x | x 3
tincipient Sismaoll Mimedium  Liarge Peck of breaking
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Brecking Waves

Experment 8

TME | DATA (rad)
&301.0 | 18821 il 53136 2.5
50:320119884] 1 [ 11 8% ¢ 31169153]68 3.1
50:39.0 120087 PPyt s81541585)65 5.4
S0l 2054 SISESES 5642545030 a
5C:50.0 | 20454 I3 48[54 3.4
51:06.0 20987 LSSy s 99)75)5.7| x 87
51150 j21287 HRRELE 42163{69§4.7 4.2
51:24.0 | 21587 1SS 95189882 8.2
51:38.0 122054 Pl 41135 3.5
51:40.0 {2212} EREREE 556156t43146] 4.3
S2:02.0 (22854 NI o6 x § x Qb
524601243211 1111518 6.1162{64]6.5 6.1
§52:52.0 [ 24521 NERERRE] E 401541 65{5.1146 4
S2550 (246211 [ FISIMIMI SIS S s2133157]45)5.7] x 138] x 3.3
53:10.0 125121 Lt 55(8.1 55
53:26.0 | 25654 F1bqd x 15.114.6 4.6
53:59.0 ]26754] 1 | S 7.1]4.2 4.2
54:02.0 | 26854 HEBERE 60134154 x| 3.4
54:08.0 | 27054} S 7.2 7.2
54:19.0 127421 YT EPSES 44]41156]53)51 4.1
84:36.0 127987 BERE 35153154 3.5
84:44.0 28254 NERR a7i34]an 3.1
54:550 128621 IBERE 62|5816.7 58
54:59.0 | 28754 F1§]58418%8 4.514.9]4.6150 4.5
55:01.0 | 28821 [{1i1S)S 6017163153 53
55:15.0 | 29287 1jils 40} x |45 4
55:29.0 129754 Iists x {7.1]5.3 53
55:43.0 130221 RERIE 55§55] x 5.5
55:57.0 (306871 S 59 59
56:01.0 130821 1118 7.518.117.5 7.5
56:13.0 13122 Ifris 4817.6}8.7 4.8
56:38.0 | 32054 Pl HPSIMIMISTSTS x |50]48)3.713.6) x [58]|55 3.4
Finciplent Sismall Mimedium Liarge Peak of breaking
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Experiment 9
GAUGE 2 112131415 7 F. dev.
TIME (rochy
12:50.0 ! 681 x 6.8
13:.01.0 732 7.2
13020 } 41166 4.1
13220 S 41159}3% g
13:25.0 51 5,1
13:290 S 43/5.4{38 38
14100 i 5.3156l32 3.2
14:17.0 | a5 48 3.5
14:30.0 52 52
1h:26.0 S 3478170 3.4
15:29.0 35 35
15:57.0 ] 29|65|5.616.8]58]3.7 29
16:16.0 3.0 3
16:34.0 I 4.113.9132{30 3
16:47.0 69 58 58
17:02.0 6.3 6.3
17:05.0 4.3 4.1
17:06.0 5.1 5.1
17:24.0 40 3.4
18:07.0 46145 x 4.5
18:17.0 45 38
18:19.0 5 Wi 10
18:22.0 38
18:40.0 ! i 3.6[6.5§4.6 3.6
18:43.0 3.5
18:55.0 S L x (731858250 5
19:05.0 I S x laslao 32 3.2
19:23.0 [ 5.2 52
12:31.0 | 46139 39
16:32.0 x 6.5 4.3
20:.08.0 35 35
20:23.0 s816.1]49 49
20:44.0 I 7.7145 4.5
200 M 7.3f6.8 6.6
211130 6.7
21:39.0 5.4
22020 i 42174150 4.2
22:04.0 2.9
22:27.0 31155 3
22:400 % 585 4.3
23:07.0 M 7.2186§7.2{7.9 7.2
231130 50145135 35
23:36.0 S &116.244. 4.

Linciplent S smak Mmedium Llarge

Peak of brecking




80

Breoking Waves

Expernment ¢
GAUGE TT2131415 1617181911041 1j21314151617181910[17IF dev,

TIME JDATAJ 1| 2{314156161718191101111121314158]617i81911001717 {ad)
23:48.0 j22384 F117§ 57170160 &
23:49.0 22418 Pii ] 360 x 1 x 36
24:12.0 123184 bii 58150 5
24:13.0 j23218 L1 4.6(4.2 4.2
24:27.0 | 23684 K 40{33 3.3
242810 123718 . 115 x {36 3.6
24:38.0 124051 1 1 SIMIM 60174130840 3
24:47.0 124351 t{S asfaa 6.3
24:52.0 {24518 FESES 5.917.3F5.1 5.1
25:04.0 24938 1SS 8615117.0]a5) 4.5
25:17.0 125351 PP 431530 x| x 4.3
26:.04.0 26918} S| M 80f52 52
26:06.0 {26984 I{ils 65)6.6]3.7 3.7
20130 |27218) V| S S}S 45162F34)3.4 34
26:16.0 27318 []s]s 75]52]36] 3.9
26:31.0 | 27818 B E x| x| x X
26:33.0 [ 27884 {118 54i59]7.4 59
26:56.0 28651 11sis 56}5.1}5.3 8.1
27:.06.0 | 28984 FPSSIM x {2.1]46.5f5.2 52
272:160 129318} 1 1 | x| x %
27:18.0 129384 Pt 7.915.9 59
28:02.0 {30857 1jt 3.4{7.7 34
28:15.0 31284 I i x }3.6]3.5 35
28:27.0 131684 FESISIM 81l93l84]9.6 3.1
28:39.0 132084 F{epit 29§32150143 2.9
28:48.0 132384 F}SES)S KRE T PR X 31
29:05.0 {32951 1818 ololo
Einciplent Sismall M medium Llarge Pealk of breaking
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Breaking Waves
Experirment 10

GAUGE 1121314567181 2{W0iNnjii2314i516171819CI1tF dev.

TIME | DATA {rad)
3C57.0| 287 T111815]5 53|83148]61]40 2
3110 754 P1515s 41160437 37
3122091 N2 118151885 3glezfse|eafiifss KR!
31:37.0 1 1621 518 7414.1 4.1
31390 1 1687 IERERERE 63175119165 x| &3
31:420 1 1787 IRREN 44[3.2]42 3.2
31:47.0 1 1954 BEEER. 32{48{ x 3.2
32200 | 3054 FEd 72138 3.8
32420 1 3787 BRAR 45]61156 4.6
32:460 | 3921 {8 58138 338
32:560 | 4254 FPEESES 41]12]10]5.6 4]
331101 4754 Sis 7.8{9.6 7.8
34:23.0 1 7154 EENE sei10|79 6.9
34:43.0 § 7821 FES|S)S 70}5.7]4.5| 69 4.5
34:450 1 78871 1 | S M S 42| 6972150 4.2
34:530 181541 11S15§ 51144140 4
35:21.0 ] 9087 BRERES 50(59{5.3 53
35:56.0 [10254]1 51 8 41437 3.7
35:39.0 | 9687 1{118}t8 5.7172157135] 35
35:.42.0 | 9787 PP . 6.3]65{42 42
35:54.0 110187 N 68[9.2194 6.8
36:14.0 110854} S 47 47
36:17.0 | 10954 ERRER 47161749 4.7
36:35.0 | 11554 R 6.3{40 4
36:58.0 112321 11§15 3214835 3.2
37060 1125871 1 1S 1 31[4513. 3.1
37:18.0 | 12987 i1 1s8)s)s 62170l47179130 3
37:320 1134584]1 51 S 56|47 47
37:42.0 |13787 I1rjpegs x ]l x ) xfx %
37:59.0 114354 11S}S4S 68§8.2)6.8{72 6.8
38:08.0 1146541 5§ S 43158 4.3
38100 114721 i E] ! 70]38f59132] 32
38:350 115554 bi11S%S safgsiri|w} 53
38:4410 | 15854 [} x| x X
J8:54.0 16187 BHEEERE 67181151154 5.1
39:.02.0 {16454 PPyt 54]{4.4]3.4 3.4
300 11672111 | S 76}67 6.7
39:12.0 116787 11818 77172138 3.8
39210 117087 i 83148 4.8
3I937.6 117621 11518 5660143 43
3420 17787 RN 32447137 3.2
39:57.0 18287 iis 63153 53
AG:08.0 | 186564 13 77180 G
Lincipient 5 small M:mediurm Llarge Peak of breaking
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GAUGE 213 5 QUGN T 21314151481 7187 Q10 11]F dev.

TIME | DATA {rad)
ACH0.0 {18721 S 8.5{7.2]4.9 4.9
40:28.G 119327 5 74156 5.6
40:31.0 11942 S 65178 6.5
4340 1952} F1ISES 63138 x|} 38
40470 | 19954 1S 51]62148 4.8
41:00.0 120387 | 52]39)47] x 39
41:.08.0 | 20654 ML S 6.2f05]43 4.3
41:2Y.0 1 21087 S§{sys a91s6(s2{32f x |42} 3.2
41:31.0 121421 Pl 48144 4.4
41:37.0 | 2162 58] x 5.8
41490 122021 47 4.7
42:03.0 1 22487 | 40 4
A209.0 {22687 S 54{6110.7]4.4 4.4
42:16.0 {22887 53 5.3
A2:18.0 | 22987 ils a5l6.4ta8 4.5
42:20.07] 23054 S 55(3.4 3.4
42:33.0 | 23487 S 88)7.2 1.2
42:49.0 124021 54 5.6
43:18.0 | 24987 ! a9 x |47 3.9
43:28.0 [ 25321 I 7.9 7.9
43:37.0 {25621 1S S 50l6.4]7.1149{73 49
43440 {25854 B 98ls.3fs7 6.7
44:17.0 | 26954 6.8 6.8
44:25.0 [ 27221 5 78142 472
44:260 | 27254 S 6584 6.5
A4:42.00 | 27787 48544152 4.4
44:51.0 { 28087 i x X
44:59.0 | 28354 | 3 4.6|182179160 4.6
45:00.0 [ 28687 3 54132 3.2
45:39.0 {20687 i 6.2]82|65| 10 6.2
46:13.0 130821 X 35¢ x |45 3.5
46:15.0 | 30887 5338 3.8
linciplent S:small M medium Llorge Fack of bracking
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APPENDIX B

PHASE-TIME METHOD SEQUENCE

[gauge. dt]=readfile(exp); Reads the data

npts=max(size(gauge(d,:))); Reads the amount of data points at the gauge d
gat=gauge(d,x); Creates gat as the wave elevation data of gauge d
Hgat=hilbert(gat}); Calculates the Analytical function from the original

time-~series and its Hilbert transform

theta=angle(Hgat); Calculates the Angle (phase) in radians
thetaa=unwrap{theta); Unwraps the phase
thetab=detrend(thetaa) Detrends the phase
fr=diff{thetab)./diff(t); Computes the frequency

fr=[fr 0.}; Restores the size by adding a O at the end

Plot(fry, Plot the resnlt
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APPENDIX C

MATLAB PROGRAM FOR

DEEP WATER BREAKING WAVE DETECTION

exp= ['wt',int2str(j),".dt1'];
[gauge,dt]=readfile(exp),

npts=max(size(gauge(d,)))

x= l:npts;
t=x*dt;
gat=gauge(d,x);

Hgat=hilbert{gat};
hithe=imag(Hgat);
theta=angle(Hgat),
thetaa=unwrap(theta);
thetab=detrend(thetaa);
fr=diff(thetab)./diff(t);
fr= {fr 0.];

for i=x
std{(1)=0.095;
cst(i)=3.1,
end

xO=[gat(1),gat];

x I={gat,gat{npts)};
ind=[find((x0<0). *{xi>=011;
ne=length(ind)-1;

ffr=[1;
flr=fr:

gives to exp the data of experiment j
reads the data of experiment j

gives the number of data points in gauge d

defines gat as the data vector for gauge d

creates the analytical function ()
gives the Hilbert transform
calculates the phase angle
unwraps the phase

detrend the phase

calculates the frequency

restore the size of the frequency

First parameter: 1.5 times the standard dev.
Second parameter: Fdev=3.1 radians

creates 2 vectors x0,x 1 from the original gat
defines the upcrossing points

gives the number of upcrossing points

defines ffr as fr
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for i=1:nc;
[zz,vvl=max{gat(ind(1):( (ind{D)+ind(1+11)/2}}); defines the peak of
each wave and its
focation in the data
[ma,mml=max(frnd(i):( (ind()+ind(i+1)}/2}); defines the peak of
frequencydeviation for each
wave and its location

if z2>0.097
if ma>3.1
lis=[lis,vv+ind(i)-1,maj; lists the waves detected in lis
end
end
end '
for i=1:nc;

fzz,vvl=max(gat(ind(i):ind(i+1)));  calculates the peak of each wave, and gives its
position in the data.

if zz<0.095
fir(ind(:ind(i+1Y)=zeros(1,ind(i+1 }-ind(i)+1); first parameter
end frequency=0 for the waves under 1.5

times the standard deviation

for ti=ind(i):ind(i+1);
if gat(ii)<0
ffr(ii)=0;
end
end

gat{pdy=-0.18;
gat{pli=-0.18;

%plots the wave elevation, frequency for the waves under 1.5 stddev, the threshold of
“rdetection



figure

fill{xx,gat(xx)*40,'vy');

hoid on:
plot{xx,gat(xx)*40,"g" xx,fr(xx),'w' xx,std{xx)*40, m--" xx,cst{xx),'w:'};
axis{{pd pf -10 12});

Zeplots the unwrapped phase

figure

plot (xx,thetaa(xx),'m";

title({'Unwrapped Phase function, exp.’,int2str(j),’ , gauge ',int2str(d)]);
xlabel("Time, (dt=0.03s)");

ylabel("Phase (radians)');

%plots the deviation of the loeal frequency

figure

plot (xx,fr(xx),'m’);

title(['Deviation of the Local Frequency, exp. int2str(j),' , gauge "int2str(d)]);
xlabel{'Time, (dt=0.03s)");

ylabel('Frequency deviation (radians)");

86
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APPENDIX D

DETECTION MODEL, EXPERIMENT 4, GAUGE §

441 7 6855 5 728 4 981 5 2251 & 2843 6
3271 4 3438 4 3715 8 4308 6 5046 5 5486

7 6502 4 71197 8 7507 4 7603 5 g1oe 7
. 9661 8 9876 4 10266 4 11391 5 12033 5 12565

11 12977 5 13865 5 14133 7 14705 3 16231 4
18643 6 19033 5 19564 6 19872 5 19952 6 20291

6 21036 11 21421 4 21822 3 22187 6 23340 5

24846 4 25186 4 25344 3 25452 6 26425 3 26852

5 28003 7 28149 4 29033 8 29402 5 29674 5
29785 5 30857 6 31391 4 32496 4

The numbers indicate which waves in the data are detected by the model (peak of
breaking). '

The numbers in italic indicate the frequency deviation of the wave.

The numbers in bold and underhine indicate the false detection.
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ABSTRACT

Detection of Deep Water
Breaking Waves, (May 1998)
Charles-Alexandre Zimmermann, B.S., Ecole Speciale des Travaux Publics;

Co-Chairs of Advisory Committee:  Dr. Jun Zhang
Dr. Richard Seymour

Records of deep water sea surface elevation, even taken at high sampling rates, do
not provide evidence for which waves in the record are breaking. Although a visual
observation of steep random waves clearly shows even the beginning of a breaking
event, the white capping and collapse of the front face of a breaking wave do not appear
in any meaningful way in the output of an elevation gauge. Much research has been
conducted in an attempt to find a way of detecting breaking events in an wave elevation
record. Some criteria have been advanced, but most of them show quite low accuracy.
Huang et al. [1992] suggested that an analytical method, which they called the Phase-
Time Method, might be used to detect breaking events. This study evaluates the power of
the Phase-Time method in breaking wave detection. Large scale laboratory experiments
are used to obtain a quality data set under a variety of deep water wave conditions. The
physics of the Hilbert transform used in the Phase-Time Method are studied, and the
method is explored as a breaking wave detection tool. A model of deep water breaking

wave detection is developed and its limits are stated.
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CHAPTER1

INTRODUCTION

Breaking waves in the ocean

Wave breaking may occur over a large range of scales, especially in deep water.
Deep water, in the context of wave studies, is defined as deep enough so that the surface
waves are unaffected by the direct effects of the variation of the sea floor. Direct
observations are still very important in the study of this complex breaking phenomenon

because only the visual aspect of a breaker can, at present, define its type of breaking.

Statistics of breaking waves are critical to dissipation estimates in wave growth
models. Breaking is a dominant dissipation term in models for wave generation and
propagation, yet there are few observations in deep water of these statistics. Therefore,
the breaking term in present models contains a high degree of uncertainty. The need for
understanding and predicting the breaking events from wave gauge data 1s thus very

important.

In the past, much research have been devoied to finding a way of detecting these
breaking events in a wave elevation record. Particularly in the past 20 years, many

criteria for the detection of wave breaking events have been proposed, but none of them

This thesis follows the style and format of the Journal of Geophysical Research.



proved to be efficient. Moreover, these criteria are very often difficult to use. In fact,
there is still no generally acceptable method for detecting these breaking events, even
after all the research that has been undertaken. Some of these studies have been
concerned primarily with breaking detection and statistics, while other studies have

focused on investigating basic properties of breaking waves.
Wave breaking in deep water can be classified in the following two categories:

¢ The most dramatic breakers are plunging breakers where the breaking
' commences by the wave overturning and the formation of a sheet of water which
plunges down into the water causing splashes, and eddies. These plunging

breakers are common on beaches but do not occur often in deep water.

+ The other breakers are thg spilling breakers. From their initiation, some air
bubbles and water fall down the front face of the wave. The wave is breaking
continuously, losing energy as its front face breaks in a much less dramatic
manner than the plunging breaker. These breakers are ‘spilling’ along their crest,
prohibiting the appearance of a plunging breaker. They can appear either in deep

water waves or in shoaling waves approaching the shore.

Current status of the detection methods
An overview of the deep water breaking wave detection methods was provided by

Banner and Peregrine [1993]. They describe the different methods of detection used so



far, the theoretical studies of wave hydrodynamics relevant to breaking and they state the

different problems regarding these detecting method.

A basic characteristic, as it is generally recognized, is that an individual wave
breaking event usually starts when water particles near a wave crest develop a velocity in
the wave propagation direction sufficiently large for them to fall down the front of the
wave. However, the surface fluid speed is difficult to measure in the field and such a

characteristic is useless in the field.

The traditional criterion for wave breaking is that horizontal water velocities in the
crest must exceed the speed of the crest profile. This appears self-evident, but since the
crest shape is changing there is often no precisely relevant crest velocity. The surface

fluid speed being difficult to measure in the field makes this criterion quite unusable.
The traditional methods used for detecting the breaking are:

¢ The Optical Detection Methods: Modern video recording and image processing

techniques have been particularly useful for whitecap cover measurements.

¢ Wave Gauge Detection Method: Holthuijsen & Herbers [1986] demonstrated the
inadequacy of using a simple local wave slope criterion. Longuet-Higging & Smith
11983] and Thorpe & Humphries [1980] developed a method relying on the rapid
jump in surface elevation at the leading edge of the spilling region of a breaker. This

method proved to give much lower breaking probabilities than there was in reality.




¢ Radar Methods: Narrow-beam Doppler radars are used to detect large-scale breaking
events. These radars measure the significant increase in scatterer speed within

breaking events [Keller et al., 1986}.

¢ Acoustic Methods: Snyder & Kennedy [1983] studied the acoustic output from large-

scale whitecaps to trigger a rapid sequence of photographs.

¢ Longuet«h’iggins [1969] presented a simple statistical model for the loss of energy by

wave breaking based on a crest downward acceleration threshold of 0.5g for the

sharp-crested limiting Stokes wave.

¢ Finally some studies have started to investigate the use of the local wavetrain
properties derived from the Hilbert transform of the wave elevation signal [Melville,

1982; Hwang et al., 1989; Huang et al., 1992].

‘The Phase-Time Method

Huang et al. [1992] studied the local properties of the ocean surface waves by
applying an analytical method which they called the Phase-Time Method (PTM) to their
data. This PTM consists in using the Hilbert transform of the elevation time-series to
obtain, after a few operations, a time-series of the deviation of the local frequency from
the mean frequency of the record. This is done by first constructing an analytical function
based on the original time-series and its Hilbert transform. Then we construct a time
history of the local phase function of this analytical function. By unwrapping this phase

function, and then differentiating it, we obtain a valuable time-dependent information on




the local frequency of the record. This method will be clearly explained in the next
chapters. Huang et al. showed that by using this method, we can gain a fresh view of the
wave data. Furthermore, they implied that a break in the phase function could be used as
an indicator of wave breaking, noting that the existence of this type of breaking wave

criterion had never been seriously investigated.

Finally, Griffin er al. [1996] performed some experiments to study the kinematics
and dynamic evolution of deep water breaking waves. They showed that the PTM
provides some new insight into the local properties of the unsteady wave breaking. They
reported that the instantaneous Hilbert amplitude (which is defined as the amplitude of
the analytic function formed by adding the wave elevation time-sertes and its Hilbert
transform) clearly focuses on the asymmetry between the front and rear faces of the
wave. They also pointed that the evolution of the Hilbert frequency of the packet toward
breaking in the wave channel shows nearly constant behavior for the non breaking
waves, slight growth for the spilling breakers and finally sharp growth for fully plunging
breakers. However, they do not provide any kind of detection model, or physical

approach for this Phase-Time Method.

Objectives

This research is conducted in order to explore the possibility of validating a deep
water breaking wave detection model based on the Phase-Time Meihod. We evaluated
the power of the PTM approach to breaking wave detection. Different objectives were

met in order to obtain satisfactory results in our research:



¢ Obtain a quality data set under a variety of deep water wave conditions with a
substantial number of breaking waves and video documentation to discriminate

the breaking events visually and evaluate the type of breaking.

¢ Understand the physics related to the Hiibert transform and to the time-series of

the local deviation of the frequency obtained by using the Phase-Time Method.

+ Apply the Phase-Time Method to the acquired data and explore this method as a

detection method for breaking waves.
¢ Develop and validate a model for breaking detection.

Procedure

The first step of the research is the data gathering. A large number of deep water
random wave experiments were conducted in the Offshore Technology Research Center
Model Basin. A large linear array of wave staff was employed with multiple video
cameras to record breaking events along the array. The data was acquired from 12
experiments with a range of significant heights and periods. The experiments will be
described in the next chapter. The implementation of the video cameras records allow us

to have a visual record of the breaking waves in each of the experiments.

The next step is to study the physics of the Hilbert transform in order to understand
how it can be used in detecting the breaking events in the data set. This allows us to

eventually understand the results obtained when we apply the Phase-Time Method to the



data, and see which are the criteria we need to add to the model to make it practical and

accurate. This would also help in understanding the results of past research in this

domain.

The Phase-Time Method was applied to obtain time-series of the deviation of the
local frequency. By analyzing the data from the experiments, and by using the video
records as a tool to check and distinguish the breaking waves and non-breaking waves,
we tried to find some characteristic patterns in this frequency signal which are related to
the wave breaking. These characteristics are potentially useful in developing a detection

v

model.

If some characteristic patterns are found and a model can be developed, its skills to
detect the breaking waves need to be evaluated in order to validate the model. Finally the

limits of the model need to be stated and its range of application determined.



CHAPTER 11

EXPERIMENTAL DESIGN

This section describes the development of the experimental plan which provided the
data for the Phase-Time Method evaluation. A large number of deep water random wave
experiments (12 in total) were conducted at the Offshore Technology Research Center
Model Basin. A large array of wave staffs was employed with multiple video cameras.
The overall objective of the experimental study was to obtain a quality and realistic data
set under a variety of deep water wave conditions with a substantial number of breaking

events and a video documentation to allow the evaluation of the Phase-Time Method.

Experimental objective

This experiment appears to be unique and was designed with the goal of developing
a model for detecting the breaking events under deep water conditions.

The principal goal of the experiment was to acquire a data set in which there are a
significant number of clearly-identifiable wave breaking events that occur in plane (non-
directional) waves with spectra similar to the JONSWAP type. The data set should
include as many high frequency wave wire measurements sampled at 30-50 Hz as
possible. The occurrence of breaking will be based upon visual observation of time-

synchronized video records of the surface in the vicinity of each gauge.



Three different wave trains should be employed. Their spectra are similar in shape
(JONSWAP type) but peaked at different frequencies, covering the broadest range
possible while still generating reasonable waves. Runs should be as long as possible.
Each setting should be replicated three times. The amplitudes should be adjusted so that

there is significant breaking (about 10% of the waves) in the zone where the wave

gauges are situated.

Model test facility

The experiment was conducted at the Offshore Technology Research Center’s
model test basin at Texas A&M University (College Station, TX). This facility is the
only one in the United States to have the capability of testing deep water Offshore

Structures without modification of the vertical scales.

The wave basin (see Figure 1) is 45.7 m (150 ft) long and 30.5 m (100 ft) wide, with
a depth of 5.79 m (19 ft). The pit is located in the center of the basin. Its dimensions are
6.10 m by 9.14 m (20 by 30 ft) with a depth up to 16.76 m (535 ft). Observation windows
are located at the West, North and East sides of the basin. These windows are
approximately 3 m (10 ft) below the water surface and provide an unobstructed view of
the entire basin. However, the pit is not really visible from these windows. The water in
the basin is clear and it is very easy to see the wave absorber at the South end from the
ohservation window at the North end about 35 m (115 ft) away. The South side of the
basin contains a progressive vertical wave absorber. A wave maker with 48 individually

controlled wave panels is installed at the North end of the basin. The wave panels are



servo-controlled, each panel has a linear actuator and can be programmed individually.
The drive signal for each wave board is created using GEDAP software, software
specially developed for model basin testing by the National Research Council of Canada.
A bridge spans the width of the tank and can traverse the basin in a North-South
direction. The bridge is frequently used to mount equipment. The basin also allows the
creation of currents and winds by utilizing variable speed pumps and fans. The basin and
wave maker allow the generation of deep water waves within the range of frequencies
between 0.3 hz (wave height of 70 cm) and 2 hz {(wave height of Smm). See Figure 2 for

a description of the wave maker performance envelope.
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Figure 1. Plan view of the experimental basin.
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Experimental setup

Eleven gauges spaced 75 cm apart were used to insure that a breaking event would
actually be captured. That is, the spacing was such that it was not possible for the
principal portion of a wave breaking event to occur entirely between two gauges. This
took some experimentation to determine the best spacing. Putting gauges too close
together obviously reduces the number of events that will be captured in a record. It was
necessary to adjust the spacing in proportion to the wave length of the dominant wave.
The wave wires were clearly identified so that they could be easily picked out of a video
record. This required the use of 2 cameras, displayed on a split screen to allow the
visualization of the entire array of gauges. Also, the video documentation contained a
time signal in a manner to allow casy identification of the particular time history of

elevation at each gauge. To prevent any interference of the waves by large numbers of
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wave gauges in a small space, they were sequentially offset in the East-West direction a

distance equal to their spacing in the North-South direction.
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Figure 3. Experimental setup.

The breaking was set to take place 13.7 m away from the wave maker. The
experimental plan is described in Figure 3. From our past experiences (measuring
pressure under breaking waves), the expected distance in which a wave should break is
about 1.8 - 2.5 m (assuming that the process of breaking is the same for every
experiment). Since the largest waves created have a period of 2 sec., with a wave length

of 6.25 meters and a wave celerity of 3.123 m/sec, it means a breaking process of around

0.6 -0.8s.
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From the above, the proposed distance that should be covered by the gauges was 3
meters, which is also half of the wave length of the largest waves studied. After 3
experiments, the distance covered by the gauges was increased to 4.5 m in order to allow
the capture of more breaking events. Two arrays of wave gauges (6 on the first one and 5
on the other one) were installed parallel to each other, with a distance between two
gauges of the same array of 75 cm (see Figure 4 and Figure 5). The transverse distance
between the 2 arrays is also 75 cm, and finally an array of five pressure gauges is set
again 75 cm away from the second array. With this experiment setup, two consecutive

gauges are separated by 37.5 cm as seen on Figure 3.

Data acquisition

Three different wave trains were tried at the beginning. The characteristics of these
wave trains were defined in terms of the significant wave height and peak frequency in a
JONSW AP spectrum. Nine other wave trains were run with different significant heights
in order to create even more breaking events. Thus the data was acquired from these 12
runs of experiment, with a range of significant heights and periods. Each experiment had
a duration of approximately 16 min with a sampling rate of 33 Hz. The characteristics of
each experiment are given in Table 1 (the mean period, frequency and height were
calculated using the upcrossing method). These experiments showed a very satisfying
number of breaking events, very well distributed in the array of 11 gauges. Table 2
shows the percentage of breaking waves and the amount of incipient (I), small (8),

medium (M) and large (L) (see chapter ['V) breaking at the gauges for each experiment.



Figure 4. Picture of the 11 gauges array (from the North-East side).

Figure 5. Picture of the 11 gauges array (from the East side).
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Table 1. Experiments Characteristics

15

Experiment] MeanT | PeakT | Tm/Tp | MeanF Peak? | PeakF | MenA | MeanH|] H13
(sec) | (sec) (Ha e {rad) (m} {m) {m)
wii-001 1.43 16 089 070 .63 393 007 .14 0.23
wia001 1.58 18 088 063 0.56 349 0.10 0.18 0.3
w300t 1.71 2 066 .58 0.50 34 010 0.19 032
wid- (01 1.44 18 Q.80 068 0683 393 008 015 0.6
wid-02 142 16 0.89 0,70 0.63 33 008 0.15 096
wis-0 1.61 18 083 062 0.5 348 011 020 033
wit-O0r 1.78 2 088 057 Q.50 314 012 022 0,38
wig-02 1.75 2 0.88 Q.57 Q.50 314 012 022 038
wi7-001 186 1.8 0.85 063 0.56 348 011 015 033
wit-001 153 1.7 0.90 0.65 0.59 370 010 0.17 0.3
wig-00 1.53 1.7 0.90 065 0.50 370 010 0.17 0.3
wi10-001 1.52 1.7 0.89 Q.66 055 3.70 0.09 017 0.3
Table 2. Breaking Waves Distribution

Experiment] H 1/3 (m)] Breaking (%)}] | 1 S |M] L

wi1-001 0.23 10.42 92190271 9

wi2-001 0.3 13.42 B4 j102)51122

wt3-001 0.32 10.27 6717712516

wi4-001 0.26 9.8 98 1100)321 4

wid4-002 0.26 9.7 631 94 0

wi5-001 (.33 12.47 8197130811

wt6-001 (.38 11.84 781881231 4

wit6-002 0.38 11.25 100§ 84 120} 2

wt7-001 0.33 8.6 100f 94 {28} 7

wi8-001 0.3 7.9 119F114 3

wi9-001 0.3 8.5 111} 78 |13] 2

wt10-001 0.3 8.8 113} 95 0
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Application of the data

The first question answered with these data was the evaluation of the Phase-Time
Method and the approval of the concept of this method as a means of detecting breaking
in a surface elevation record. The data was used in order to develop a model to detect

breaking waves and to validate it.

Finally, we had to determine how slowly the record can be sampled without losing
the ability to detect the breaking using the madel. This was done by testing the model on

decimating time-series coming from the original data set.
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CHAPTER Il

THE PHASE-TIME METHOD

In this chapter the physics of the Hilbert transform and the Phase-Time Method are
studied in order to understand how this method can be used in detecting the breaking
events in the data set. By understanding what this frequency signal obtained from the
method involves, we may have an idea of the capability of these methods, and we may
find those criteria needed to obtain a quality detection model. This will also allow us to
understand eventually the results obtained in previous research in this domain. There

appears to be no clear explanation of the physics of this method or of the Hilbert

transform in any paper related to this topic.

The Hilbert transform

The Hilbert transformations are presently used in various ways. A clear description
of this transform is described in the Transforms and Applications handbook by A.D.

Poularikas [1996}.

Since the 1890s, the complex notation of harmonic signals in the form of Euler’s

eguation exp(jwtj= cos{ wi-Hsin{wi} (13

has been used in various engineering aspects, and is commonly applied to various

theoretical systems. This complex notation was introduced before Hilbert derived his
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transformations. However, sin{wt) is the Hilbert transform of cos(wt) and exp(jwt) is the

precursor of the analytic signals.

The concept of the analytical signals of the form wy(t) = u(t) +jv(t) where v() 1s the
Hilbert transform of u(t), is now widely used in the theory of signals and systems. The

Hilbert transformation finds many applications in digital signal processing.

The Hilbert transformation of a one-dimensional real signal (function) u(t) is

defined by the principal integral:

o, L am
viy= [ T=dn = pld Bt @
and the inverse Hilbert transformation is :
v( ) -1 = y(1)
u(t)"~Pf 2 === p[” 2 (3)

A

where P stands for the Cauchy principal value of the integral. The integral defined in
(2) and (3) are improper because the integrand goes to infinity for n=t. Therefore the

integral is defined alternatively as the Cauchy principal Value (P) of the form

* u(m o
: i W(
vit) = zj(r}s - j'_ r ) (43

Ampos

The accuracy of this numerical integration increases with smaller sampling intervais

and larger values of A.
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The Hilbert transform was originally derived by Hilbert in the frame of the theory of

analytic functions and its theory is closely related to Fourier transformation of signals of

the form:
Ul@)=]_ultedr  where 0= 2nf (5)

U(w) is the Fourier spectrum of the signal u(t) and f=/27 is the Fourier frequency.

The inverse of the Fourier transformation is
W)= | Utwe™df ©®

The pair of functions u(t) and U(w) are called a Fourier pair. The pair u(t) and v(t)
form alHilbert pair of functions. The main characteristic of the Hilbert transform is that
the transform does not change the domain, contrary to many other transforms. For
example in our case, a time-series function is transformed in a function of the same
variable t, therefore another time-series is obtained. The Fourier transformation changes
a function in the time domain into a function in the frequency domain. The pairs of

transforms can be denoted:
w1 U{w) (N

w2 v(n) (8)



1
The Fourier transform of the kernel of the Hilbert transform which is &1 = %—‘ is -

sgn{w) where sgn(m) is defined as follows:

+1 w>0
sgn(w) =140 =0 {9
-1 w<{

Therefore, the properties of the Fourier transform vield to the spectrum of the

Hilbert transform:

£l

w1y e V(@) = jsen(@)U (@) (10)

which means that the spectrum of the signal u(t) should be multiphed by the
operator - j sgn{®) which is also called Hilbert transformer. This relation enables the
calculation of the Hilbert transform using the Fourier transform and its inverse from the

original time-series, using the following procedure:

() —Es U (@) —ZE2 3 Y () s y( 1) (1

where F and F~' denote the Fourier and inverse Fourier transformations

respectively.
A reatl signal u(t) may be written in terms of analytic signals

B W)+ *(1)
B 2

u(t) (12)



and its Hilbert transform is

J¥n-¥HO (13)

vit) 3

where W(t) is the analytic signal {or function) defined by

W) = u(t) + j v(t) (14)

where u(t) and v(t) are continuously differentiable and ¥*(t) denotes the conjugate

of ¥(t).

It is now obvious that these notations are related to the widely used Euler’s equation

and provide a generalization of Euler’s formulae:

el e
cos(@f) = —— (15)
2
PSR
sin{ay = ———— (16)
2)

where ¢/ = cos{wr)+ jsin(@t), and e/ = cos(ar)— jsin(@t) .
In general, the Fourier image of u{t) is a complex function

Ulw)=Ug (w)+ jU (@) (17;



The multiplication of the Fourier image by the operator -j sgn(w) changes the real
part of the spectrum to the imaginary one and vice versa. The spectrum of the Hilbert

transform 1s

V(@)= Ve (0)+ jV,, (@) (18)
where

Ve (@) = = jsgn(@) jU (@)} = sgr{w)F , () (19)
Vi (@) = =3gn(@0W (@) (20)

Therefore, the Hilbert transform changes any even term to an odd term and any odd

term o an even term. The Hilbert transforms of harmonic functions are:

Hlcos (o)} =sin (@t) 20
Hisin (wt)] =-cos (wt) (22)
Hie'™ 1=~ jsgn(@)e’™ =sgn(w)e’* "™ (23)

Thus, the Hilbert transform changes any cosine term to a sine term and any sine term
to a reversed signed cosine term. Because sin{®U=cos(wt-0.57) and -cos{miy=sin{wt-
0.57), the Hilbert transformation in the time domain corresponds to a phase lag by -0.57
{or -90%) of all harmonic terms of the Fourier image (spectrum). Using the complex

notation of the Fourier transform, the multiplication of the spectral function U{®) by the
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operator -jsgn{®) provides a 90° phase lag at all positive frequencies and a 90° phase

lead at all negative frequencies.

Using what precedes, we can also have the Fourier image of the analytic signal

W(t)=u(t)+jv(t) by adding the Fourier transform of each signal:

W(r) e U@ + j[-J sgn{a)lU (@)} =[1+sgn{@) U () 24)
2 foro>0

where [+sgn(w)=41 foro=0 (25)
0 forw<0O

Thus the Fourier image of the analytical signal is doubled at positive frequencies

and canceled at negative frequencies with respect to U{w).

In the case of ocean waves, the time-series of the surface elevation can be written

with the following notation, which is the Fourier notation:

H(t)= Zan cos(not)+ b, sin(nor) (263

n=h

Where a, and b, are the Fourier coefficients of the signal u(t). Using the complex

notations, equation {26} is equivalent to:



24

N
W)= Y F(n)e"" - 27
oM
a, = jb,
2 n>0
where F(n)=40 n=0 (28)
a,+jb, n<0
2

To obtain the Fourier coefficients (denoted G(n)) of the Hilbert transform of the

signal u(t), we muliiply the coefficients of equation (28) by - j sgn(no):

—ja,=b,
) n>0
G(n) =10 n=10 (29)
ja, —b, n<0
2

Thus the Hilbert transform v(t) of the original time-series can be written as:

i ; LI .(Z ""“b . g ‘a __..b N
U(l‘): ZG(n)emm WZ"J'—;—'_—"'E}MH + 2 J nz LI (30)
EESY e ~ ne N

Since a_, = a, and b_, = b and by using the change of variables m=-n in the second

term of equation (30) we can rewrite v(i) as:
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5 ja,—b . a —b
v(t}mE[ Jan2 i e_moz 3 jana & e—jm’}?] {31)
=0

S

By reordering the terms of equation (31), we obtain:
A : . b ‘ .

v(r)zzw’f&‘-(——e”“’ AR ot (R - (32)
n=t 2 2

which leads to the following notations:

vit)= ian sin(not) ~ b, cos(not) (33)

f=f

v(t)= i‘/aj +b’ cos(not—g, ~ —g"«) - i\/af +b! sin(not~g,) (34)
n=l

=]

where v(t) is the Hilbert transform of the signal u(t) which was written in equation

(26) as:

u(r)= Za” cos(nor)+ b, sin{not)
gl

u{szzwiaf;-'rbf cos(not ~ &, ) (35)
A=l



aff 7t

where cos(g, ) = === and sin{g, ) = —p====_
\/a; +b Ja,+b;

This result is restating the fact that sines are transformed into -cosines and cosines
are transformed into sines. The pair u(t) and v(t) are obviously very close to each other
and we will see in the next paragraph how they are related in the analytic method called

the Phase-Time method.

The Phase-Time Method

’E“raditionaliy, research on the statistical properties of ocean waves are limited to
global quantities and figures, such as the Fourier spectrums, or multiple density
functions. These properties give very valuable information about the hydrodynamics of
the waves, but the results can not be directly related to an instant time in the original
data. Huang et al. [1992] presented a new approach using phase information to view and
study the properties of frequency modulation, wave group structures, and wave breaking.
They applied the Phase-Time Method to ocean wave time-series data and reported the
appearance of a new type of wave group. They stated that this method had broad

applications to the analysis of time-series data in general.

The Phase-Time Method is a very simple method using the Hilbert transform and
phase information to obtain local properties of the frequency of a signal. This method

can be described as foliows.
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Using an elevation time-series record u(t), an analytical function similar to the one

defined in equation (13) is constructed:
W) = ult) +j vit) (36)

where v{1) is the Hilbert transform of the signal u(t) as described in the preceding

paragraph.

Figure 6 shows a plot of the two signals u(t) and v(t) for a small time of gauge 1 in

experiment 4. We can clearly see the shift of about 90° (1/4" of a peak period).
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Figure 6. Wave clevation (gray) and Hilbert transform signals.

From this analytic function, we can obtain the phase function @©(t) defined as:
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&) = arctzm( Vo) (37

— |
u(ry)
where @(t) can be decomposed into the mean frequency n,, and a deviation part

&(1) in the equation:
PN =n,t+ (1) (38)

In the past, many scientists explored some properties of the phase function. Huang
et al. noted that the association of the phase function with events occurring in real time
had n;tver been made and so had the study of local properties of the wave field. They
further stated that this phase function was usually wrapped around X% or between O and
2. The wrapped phase only gives a rather uninformative view of the phase function,
since the properties displayed are those of the residue from a given interval (im or
between 0 and 27) and not from the data itself. In the Phase-Time Method, the phase is
unwrapped in order to obtain a real data related information. Figure 7 shows the
unwrapped phase function of the wave data in experiment 4. The slope of the phase

function is here of about of 3.65 rad/sec (which higher than the peak frequency F ).

By detrending the phase function signal (which means subtracting its mean value),
we obtain the detailed information on the variable part of the phase angle O (see

Figure 8}.




By definition, the time derivative of the phase function is the local frequency of the

time-series. This means that:

P+ 2 (39

Therefore, by deriving the signal ©(t) we obtain the deviation of the frequency from
its mean (in a local time domain). Positive and negative values in this derivative will tell
that the local frequency is higher or lower than its mean. Figure 9 shows an example of

this deviation of local frequency obtained.

This method, to be well executed, has to be used in a data set whose sampling rate is
fast enough so that the frequencies of interest are resolved. We will see in the next

chapter that the sampling rate is very important in the use of this method.

All the programs used in this research were written with the software and language
of Matlab. This method can be applied to wave elevation data with a very simple Matlab

sequence that is described in the appendix B.
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Figure 7. Unwrapped phase function.

Huang et al. described this method as a very useful tool in analyzing wave elevation
data, but did not state how to use this method in detecting breaking waves. Also, the
limitations and possibilities of this method were not clearly stated by any author who
studied the Phase-Time Method. Therefore, we will now explore the possibility of the
frequency signal of detecting breaking waves, and show the relations between this signal

and the original wave elevation time-series in order to understand the physics of this

problem, before the analysis of the data.
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By using equation (37) and (38) and deriving the phase function directly, we have:

0!
o arctan{ a(r)) (40

.
T o

which can be further developed:

C?vu ou
e e TV
Lt ot .
F= NI 450

which provides a considerable information on the properiies of this frequency,
because u(t) is the wave elevation and v(t) is its Hilbert transform. This also allows us to

understand the physics of this frequency signal.

By looking at equation (41) we can draw several conclusions on the behavior of this

local frequency signal.

Firstly we can look at the characteristics of breaking waves in the ocean. We know

that the breaking will occur only if the height of the wave is large. Breaking will occur at
du | .
the top of the wave, were 5—; is almost zero and v(t) is very small (because of the 90°

shift). Therefore v at this instant will be negligible compared to u. Therefore when
breaking is occurring, v<<u and the second term in equation (41} is negligible compared
to the first term. Therefore, for waves that are possibly breaking, and at the top of the

wave, we have:
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f?ﬁ
_ g

i

F (42)

This frequency is related to the deviation of the Hilbert transform of the original
wave elevation time-series. The frequency will have a deviation only if ~— increases at

ot

this moment.

Using the notations of equation (26} and (33) we can develop this frequency as

follows:
iaf_ ian(na)cos(nor)+bn(no)sin(ncn*)
Pl = (43)
“ Ean cos(not)+ b, sin(not)
#=0

We can notice that if the time-series contains only one term in cosines or sine, then
F=no which is the mean frequency. There is no deviation for regular and periodic signals

of only one frequency.

Since cosine and sine are always <=1, when no>>1 which means when we have
high frequency waves, the numerator of equation (43) is much larger than the
denominator, and the frequency deviation is thus high. This certainly agrees with the fact
that breaking occurs in the ocean when a multitude of high frequency waves build on top

of a long wave and allow the energy to concentrate, until the breaking appears.




34

Now, we can notice that when u(t) is close to zero, then we can have

¥

(44)

hoo!

Therefore, in some cases like two close frequency waves, where v tends to zero too,
then the deviation of the frequency will be very high. This problem of having w«’ + v~ as
the denominator will result in huge peaks of deviation (50 to 100 radians) at certain
times in the wave elevation record where the wave elevation and its Hilbert transform are

close to zero (see Figure 10).
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Figure 10. Local frequency deviation when the wave elevation is close to zero.
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This problem really limits the power of the Phase-Time method and will greatly
diminish the possibilities of using the frequency as a detection signal. This noise has to
be eliminated before using the frequency signal in the breaking detection. That is why a
parameter must be found to filter the frequency signal and make it useful. We will see in

the next chapter that the wave height is a simple and very efficient parameter to realize

this objective.
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Figure 11. Close frequency waves {cos{25at)+cos{26@t)).

Figure 11 and 12 show the frequency deviation signal obtained for two types of
waves, one consisting of the additon of 2 waves close in  frequency

(cos(25art)+cos(26ax)), and the second one of two waves with real different
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1 )
frequencies (cos(25at)+ ;005(50@‘}}. On these two simple examples , it can be seen

that the decreases in frequency occur when the elevation signal or its Hilbert transform

are close or equal to zero. This confirms the conclusions drawn above,

Time-series cos(25wi)+0.5%cos(50wWt) (different frequencies
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Figure 12. Different frequencies waves (cos(250t)+1/2 cos(50wt)).
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CHAPTER 1V

DETECTION MODEL

This chapter describes the data analysis and the construction of a simple and
efficient model to detect the breaking waves in the deep water. Many parameters have
been studied and tested as a tool of detection with various results. The data analysis, the
use of video documentation, and the comparison with other research results, will be

described in this chapter.

Video documentation

All experiments were recorded using 2 cameras focused on the 1! gauge array
whose output was then recorded side-by-side as a single video image. The
implementation of the video documentation was critical to this study because it allowed
a visual determination of each breaking events. A picture of an actual breaking wave

going through the first five gauges taken from the video can be seen in Figure 13.

The first step of the analysis was to match the video recordings of the experiments
with the actual data consisting of matrices of the elevation records for each gauge in each
experiment. For each of these experiments, the data file consists of 32700 data points for
each gauge (the sampling rate being 0.03 seconds per data point, 32700 data points
corresponds to about 16 min of measurements). With the random movements of the

panels of the wave maker and the possible periodic sequence of waves propagated in the
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basin, it is almost impossible to match exactly the data set with the actual video record
displayed on a television. Even if the elevation record can be displayed using a Matlab
program, the possibility of mismatching a wave from the data record with a wave of the
video record is very high. That is the reasoning behind the implementation of a means of
showing when the data acquisition had begun on the video. In fact, after a few seconds
of data acquisition, an electrical signal would light an electric bulb positioned on the
gauge array. This in turn would allow a visual detection of the electrical signal on the
videotape. A simple Matlab program gave us the exact data point of the beginning of this
electrical signal, allowing the matching of the data points recorded with the video
documentation (see Table 3). This process was implemented after the third experiment

and the first 3 experiments do not have any matching system.

Figure 13. Video documentation (breaking wave going through the first gauges).
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Table 3. Electrical Signal for the Experiments

Exp. # ] Tape Start]Li
wit 16:30'29" Lariaey
wi2 17:37'297
w3 18:17'11%
wid 14:00'44"

wid 2 16:16'08"
wib 14:48'21"
wit 08:40'13"

wig_2 10:45'08"
wit? 09:33'53"
wig 14:40'04"
wig 13:12'08" :
wiiQ 14:30'19" J o

dt =0.03s

' _i;._i_ght off| Tape Light off

32568 | 14:1708"
32516 | 16:3250"
| 32487 | 150437
32511 | 08.5619"
] 32511 | 110150
| 30634 | 005038
32490 | 11:5651
32511 | 13:2851"
32507 | 14:4703"

The next step was to watch the video record of every experiment and identify every
wave breaking event. For every experiment, the time for each breaking wave on the
video record was noted and the numbers of the gauges where the wave breaking occurred
were recorded. In addition, an evaluation was made regarding the intensity of the
breaking. Therefore if breaking occurs, the gauges concerned will be annotated with a

code as described below:

-I : either when the wave is beginning to break, or when the wave 1s breaking

with a very small amount of white capping on top of the wave.

-S : when the wave is fully breaking with a small vertical motion and a small

amount of white capping coming from the breaking at this gauge.

-M : when the wave is breaking and spilling leaving a large amount of white

capping in front or on top of the breaking wave.
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-L : when the breaking event is intense, and the wave has a large and very visual
change in shape, looking like a plunging breaker. The white capping and the vertical
motion of the wave itself are very pronounced for this type of breaker. This “L.” code

denotes the most intense breaking events in the wave data record.

Using this type of categorical distinction, each experiment was studied and each
breaking wave recorded to allow the analysis of the actual wave elevation data (See

Appendix A).

Data analysis
The entire data analysis, and all programming have been accomplished using
Matlab software, which allows the computation of very large matrices and excellent

visualization possibilities. One of the main program used for this research is listed in

Appendix C.

It is clear that there is no existing methodology to identify the breaking events
just by examining the wave elevation record. If it is true that the breaking waves will
usually correspond to maximum wave heights and sharp crests on the wave elevation
record, it is literally impossible to identify these breaking events just by looking at the
efevation record. That is why the Phase-Time Method is studied here in order to facilitate

the detection of breaking events i a wave elevation record.

The first operation was to plot the wave elevation record and the Hilbert

frequency obtained in the Phase-Time Method on the same graphs and to mark the




